Utilization of cellulose nanofiber (CNF) as a substitute for plastic resins to reduce the total vehicle weight is under consideration, even though the total amount of plastic resin used is very small compared to steel. This study aims to investigate the greenhouse gas (GHG) emission effect of the use of CNF as substitutes of plastic resins as composite materials in vehicles. In order to estimate the reduction of GHG effected, two scenarios were proposed: Business as usual (BAU) and CNF-added (CNFa). The amount of GHG emissions from the part of plastic components in a vehicle were evaluated and compared using life cycle assessment (LCA) in the two scenarios. The total GHG emissions in the CNFa scenario declined by about 21.2 per cent compared to the BAU scenario. Although the GHG emissions coefficient of CNF is relatively high compared to plastic resins', the total amount of GHG emissions decreased probably due to reduction in weight of the part of plastic components in a vehicle by replacing plastic resins with CNF. 
Introduction
In addition to serving as a resource for electric power generation, woody biomass can be used to yield high value-added materials such as cellulose nanofiber (CNF).
CNF are fibrous materials consisting of nanosized cellulose, with diameters ranging from 1 nm to 100 nm and aspect ratios (length/diameter) over 100 1) 2)
. Additionally, CNF are light, weighing one-sixth to one-fifth the weight of steel, and possess bending strength equivalent to mild steel 3) ～ 5) . Thus, the use of CNF for a wide range of applications in various industries such as electronics, medical, pharmaceutical, cosmetics, and automotive sectors 6) is expected.
Specifically, use of CNF instead of plastic resins in the manufacture of vehicle components is regarded as a promising application in the automotive sector. CNF is being considered as a substitute material for plastic resin to reduce the total vehicle weight 7) , although the total amount of plastic material used is very small compared to steel. Therefore, the reduction in weight can reduce the total amount of plastic material used by using CNF as reinforcing agent instead of plastic resins during vehicle manufacture. Lesser weight of vehicle will also reduce the amount of fuel used while the vehicle is in use and naturally result in the reduction of waste. Consequently, the vehicle's weight reduction could lead to decrease in greenhouse gas (GHG) emissions during its life cycle.
This study aims to investigate the ef fect of substitution of plastic resins with CNF as composite materials for vehicle components, on GHG emissions. In order to estimate the GHG reduction by replacing the part of plastic components with CNF in a vehicle, two scenarios were proposed: Business as usual (BAU) scenario and CNFadded (CNFa) scenario. The amount of GHG emissions in the two scenarios were evaluated and compared using life cycle assessment (LCA). The process boundaries for the life cycle of a vehicle are shown in Fig. 1 . The life cycle was classified into three major stages: production, operational, and recycling or treatment stages. The production stage was further divided into two stages: material manufacturing and assembly.
Methodology

Assumptions of the study
We set several assumptions in order to estimate the GHG emissions at each stage. .
The ratio of specific kinds of plastic resins is shown in Table 1 .
2. An accurate substitution rate between plastic resins and CNF was not established. The effective substitution ratio for replacing plastic resins with CNF was derived from previous research 6) , and internal hearings and interviews with experts at associated companies and prefectural government officials. This study assumed that 4 per cent compound CNF can reduce the amount of plastic resins used by 30 per cent. Accordingly, the utilization ratios of all plastic resins are also changed a little by using CNF as a reinforcing agent. The ratios of various plastic resins and CNF in the two scenarios are shown in Table 1 8)
.
3. In the vehicle assembly stage, it is set that the amount of GHG emissions is not influenced by the change of vehicle weight. Therefore, there is no difference in the amount of GHG emissions between two scenarios.
4. In the operational stage, it was assumed that a 1 367.3 kg 10) vehicle runs 9 200 km a year with a 12.44 year life .
5. In the recycling or treatment stage, the entire amount of plastic resins and CNF wasted was treated as material for thermal recycling.
Quantifying GHG emissions
The total GHG emission for the part of plastic components in the vehicle's lifecycle (GHGS) was quantified by adding the amount of GHG emissions of each stage as shown in Equation (1).
Where, GHGM is the GHG emissions in the material manufacturing stage (kg CO2 eq/car); GHGA is the GHG emissions in the vehicle assembly stage (kg CO2 eq/car);
GHGO is the GHG emissions in the operational stage (kg CO2 eq/car); GHGR is the GHG emissions in the recycling or treatment stage (kg CO2 eq/car); S is the scenario type (S=(a,b)). Here, a is the BAU scenario, and b is the CNFa scenario.
The amount of GHG emissions in the material manufacturing stage (GHG M S ) was obtained by added the amount of GHG emissions for CNF production (GHGCNF)
to the amount of GHG emissions for each kind of plastic resin (GHGi), as shown in Equation (2). The amount of GHG emissions for CNF (GHGCNF) was quantified by multiplying the GHG emissions coefficient for CNF (ghgCNF) by total amount of CNF used (ACNF), as shown in Equation (3). The amount of GHG emissions for each kind of plastic resin was quantified by multiplying the GHG emissions coefficient for each kind of plastic resin (ghgi) by amount of each resin used (Ai-CNF), as shown in Equation (4).
Where, GHGM is the GHG emissions in the material manufacturing stage (kg CO2 eq/car); CNF is CNF; i represents the kind of plastic resin (i = (1-6)). Here, 1 is general purpose resins, 2 is general-purpose engineering plastics, 3 is super engineering plastics, 4 is elastomer, 5 is thermosetting resins, and 6 is others.; A is the total amount of material used (kg/car). It can be calculated by using containing ratio of each type of material ( .
GHG emission efficiency of each type of plastic resin was obtained from the Inventory Database for Environmental Analysis (IDEA) data, which was developed in conjunction with the National Institute of Advanced Industrial Science and Technology (AIST), and the Japan Environmental Management Association for Industry (JEMAI).
Containing rate of the total amount of plastic resins and CNF is set to approximately 10.5 per cent of the total vehicle weight.
The amount of GHG emissions in the operational stage (GHG O S ) was obtained by multiplying the total operational distance (D), total life span (L), GHG emissions coefficient for gasoline (ghggasoline), and the amount of fuel consumption led from the part of plastic components in a vehicle (FC S ), as shown in Equation (6). .
Finally, the amount of GHG emissions in the recycling or treatment stage (GHG R S ) was obtained by multiplying the total amount of plastic resin and CNF wasted (WPCw S ) by GHG emissions coefficient for thermal recycling (ghgthermal) and GHG emissions coefficient for intermediate treatment (ghgintermediate), as shown in Equation (7).
Where, GHG R S is the GHG emission in the recycling or treatment stage; WPCw is the total amount of plastic resin and CNF wasted (kg/car); ghgintermediate is GHG emissions coefficient for intermediate treatment (kg CO2 eq/kg) obtained from IDEA. Here, ghgintermediate = 0.0765 kg CO2 eq/kg; ghgthermal is GHG emissions coefficient for thermal recycling (kg CO2 eq/kg) obtained from IDEA.
Here, ghgthermal = 0.8658 kg CO2 eq/kg.
Results and Discussion
This study examined the effect of utilization of CNF instead of plastic resins in vehicles, on its GHG emissions. In the CNFa scenario, we set the total amount of plastic resins to 30 per cent lesser than the BAU scenario and found that GHG emissions declined by about 21.2 per cent compared to the BAU scenario (Fig. 2) . GHG emissions in the BAU and CNFa scenarios were 7 047.6 kg CO2 eq/car, and 5 555.3 kg CO2 eq/car, respectively.
The results of GHG emissions of each stage in both the scenarios are shown in Fig. 3 . In both scenarios, assembly, operational, and the recycling or treatment stages, were around 120.6 kg CO2 eq/car, 0 kg CO2 eq/car, 1 330.9 kg CO2 eq/car, and 40.7 kg CO2 eq/car, respectively.
The reduction amount of the operational stage was also the highest among the four stages. The most significant reduction ratio of the total GHG emissions was shown in the recycling or treatment stage, which was 30 per cent.
Conclusions
This study examined in order to clarify the effect of substitution of plastic resins with CNF as composite materials for vehicle components, on GHG emissions. The result shows that thought the GHG emission coefficient of CNF is relatively high compared to that of plastic resins following substitution of plastic resins with CNF, the total amount of GHG emissions decreased probably due to reduction in weight of the part of plastic components in a vehicle.
Based on this study, the next task will involve indepth analysis with potential for development for the application of CNF as a substitute material to different kind of materials including plastic resins in the automotive sector.
